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HIGHLIGHTS 


•  Sulfonated  pitch  was  utilized  to  syn¬ 
thesize  hierarchical  porous  carbon. 

•  High  BET  specific  surface  area  of 
2602  m2  g  1  was  obtained  with  an 
activation  agent  to  precursor  ration 
of  1.5. 

•  The  specific  capacitance  could  be 
maintained  at  157  F  g  1  even  at 
100  A  g"1. 

•  Outstanding  cyclic  stability  with  a 
super  high  capacitance  retention  ra¬ 
tio  of  98.4%  after  10,000  cycles. 
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Hierarchical  porous  carbon  (HPC)  has  been  synthesized  using  sulfonated  pitch  as  a  precursor  with  a 
simple  KOH  activation  process.  Sulfonated  pitch  has  a  high  content  of  oxygen-containing  groups  which 
enable  it  to  be  easily  wetted  in  KOH  solution  and  facilitate  the  activation  process.  The  effect  of  the 
activation  agent  to  precursor  ratio  on  the  porosity  and  the  specific  surface  area  is  studied  by  nitrogen 
adsorption— desorption.  A  maximum  specific  surface  area  of  3548  m2  g-1  is  achieved  with  a  KOH  to 
sulfonated  pitch  ratio  of  3  and  this  produces  a  structure  with  micro-,  meso-  and  macropores.  Among  the 
various  HPC  samples,  the  sample  prepared  with  an  activation  agent  to  precursor  ratio  of  1.5  exhibits  the 
best  electrochemical  performance  as  an  electrode  in  an  electrical  double  layer  capacitor  (EDLC)  in  6  M 
KOH  electrolyte.  Its  gravimetric  specific  capacitance  is  157  F  g-1  at  a  current  density  of  100  A  g-1  and  it 
has  a  capacitance  retention  ratio  of  98.4%  even  after  10,000  cycles.  The  sample  also  presents  outstanding 
electrochemical  performance  in  1  M  L^SCU  and  1  M  TEA  BF4/PC  electrolytes.  Thus,  HPC  derived  from 
sulfonated  pitch  is  a  promising  electrode  material  for  EDLCs. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


*  Corresponding  author.  Key  Laboratory  for  Green  Chemical  Technology  of  Min¬ 
istry  of  Education,  School  of  Chemical  Engineering  and  Technology,  Tianjin  Uni¬ 
versity,  Tianjin  300072,  PR  China. 

**  Corresponding  author. 

E-mail  addresses:  guoyan0721@126.com  (Y.  Guo),  shizhiqiang@tjpu.edu.cn 
(Z.-q.  Shi),  cywang@tju.edu.cn  (C.-y.  Wang). 

0378-7753 /$  -  see  front  matter  ©  2013  Elsevier  B.V.  All  rights  reserved. 
http://dx.doi.Org/10.1016/j.jpowsour.2013.ll.114 


1.  Introduction 

Electrical  double  layer  capacitors  (EDLCs)  have  stimulated 
extensive  interest  due  to  their  advantages  of  high  power  capability, 
superior  reversibility  and  long  cycle  life,  which  are  required  for  new 
energy  storage  devices  [1,2].  Charge  storage  in  EDLCs  utilizes 
electrostatic  adsorption  of  the  electrolyte  ions  at  the  electrode- 
electrolyte  interface  [3].  An  ideal  electrode  material  is  expected  to 
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possess  a  large  surface  area,  an  optimal  pore  size  distribution  and 
excellent  conductivity  for  fast  transport  of  the  electrolyte  ions  and 
charges  [4]. 

Microporous  activated  carbons  are  the  most  common  electrode 
material  because  of  their  high  surface  area,  good  conductivity,  and 
chemical  inertness  [5].  Microporous  activated  carbon  electrodes 
exhibit  high  specific  capacitances  at  low  current  densities.  How¬ 
ever,  the  capacitance  decreases  dramatically  with  increasing  cur¬ 
rent  density.  This  is  mainly  caused  by  many  small  micropores  and 
irregularly  curved  pores  which  slow  down  the  ion  transport  rate 
and  thus  limit  power  storage.  To  solve  this  problem,  activated 
carbons  with  controllable  pore  sizes  and  high  surface  areas  are 
required. 

Currently,  hierarchical  porous  carbons  (HPCs)  with  micro-, 
meso-  and  macropore  structures  have  attracted  much  attention.  In 
these  materials  the  micropores  provide  abundant  adsorption  sites 
which  are  the  primary  contributors  to  the  large  specific  capaci¬ 
tances  [6];  the  mesopores  facilitate  the  diffusion  of  the  electrolyte 
ions  so  they  reach  the  available  surface  area  and  the  macropores  act 
as  ion-buffering  reservoirs  to  ensure  adequate  penetration  of  the 
electrolyte  into  the  electrode  materials  7].  In  fact,  the  use  of  HPCs 
as  electrode  materials  has  been  demonstrated  to  simultaneously 
achieve  high  energy  and  power  densities. 

The  most  common  method  to  synthesize  HPCs  is  the  template 
method  which  has  three  steps:  template  replication,  carbonization 
and  removal  of  the  template  [8].  Various  templates  such  as  hier¬ 
archical  porous  silica  monoliths  [9]  and  powdery  silica  [10]  have 
been  used.  For  example,  Kim  et  al.  [11  ]  used  a  beta  zeolite  as  a  hard 
template  to  synthesize  HPC  with  micropores  of  1  nm  diameter  and 
mesopores  of  10-30  nm.  Ma  et  al.  [12]  reported  the  synthesis  of 
micro-  and  mesoporous  carbons  spheres  by  colloidal  silica  as 
template.  Yamada  et  al.  [13]  used  colloidal  crystals  as  templates  to 
synthesize  3D  ordered  porous  carbons.  Oschatz  et  al.  [14]  prepared 
the  carbide-derived  carbon  materials  (CDCs)  containing  micro-, 
meso-,  and  macropores  through  combining  a  soft-template 
approach  with  subsequent  chlorine  etching.  This  new  synthesis 
route  avoids  the  use  of  hard  templates,  thus  the  corresponding 
template  removal  process  is  avoided.  Liang  and  Dai  [15]  reported 
the  synthesis  of  highly  ordered  porous  carbon  by  using  self- 
assembled  block  copolymers  as  soft  templates.  In  this  method, 
the  extra  step  of  generating  a  template  was  unnecessary.  Adelhelm 
et  al.  [16]  used  an  organic  polymer  as  the  template  to  prepare  a 
meso-  and  macroporous  carbon  using  spinodal  decomposition  of 
the  templates  and  a  carbon  precursor.  Liu  and  co-workers  [17] 
developed  a  new  way  to  prepare  nanoporous  carbon  using  metal- 
organic  frameworks  as  the  template.  The  obtained  nanoporous 
carbon  with  micro-,  meso-  and  macropore  structures  exhibited 
remarkable  electrochemical  performance  as  an  electrode  of  EDLC. 
However,  all  of  the  above  methods  contain  complicated  multistep 
procedures,  which  are  tedious,  cost  and  low  yields,  limiting  their 
practical  applications.  Thus,  new  template-free  methods  are 
needed  to  synthesize  HPCs.  Lv  et  al.  [18]  reported  the  synthesis  of 
hierarchical  porous  carbon  foams  from  the  bioresource  banana  peel 
through  a  self-template  approach  by  utilizing  its  natural  pore  and 
zinc  ions  as  the  self-template. 

In  present  work,  sulfonated  pitch  (SP)  is  employed  as  the  raw 
materials  to  prepare  the  HPCs.  The  SP  contains  a  high  concentration 
of  oxygen-containing  groups,  providing  many  reactive  sites  for 
activation.  More  importantly,  the  presence  of  heteroatoms,  e.g.  S,  O 
and  N  enhances  the  polarity  of  the  carbon  surface  and  increases  the 
affinity  of  the  surface  for  aqueous  electrolytes.  It  is  believed  that 
sulfonated  pitch  is  partly  dissolved  and  partly  dispersed  in  hydro- 
sols  [19].  This  occurs  through  nano-scale  contact  between  the  re¬ 
agents  and  the  precursor,  which  should  make  it  possible  to  prepare 
HPCs  with  large  surface  areas  and  well-developed  porous 


structures.  Moreover,  the  oxygen-containing  groups  in  the  sulfo¬ 
nated  pitch  are  unstable  and  can  decompose  to  CO2  and  CO  during 
heat  treatment,  which  can  assist  in  creating  additional  pores  20]. 
These  properties  should  enable  sulfonated  pitch  a  promising 
candidate  for  producing  HPCs  with  the  characteristics  of  prepara¬ 
tion  simplicity  and  easy  scalability.  Combing  the  advantage  of 
commercially  availability,  sulfonated  pitch  precursor  shows  great 
potential  in  the  energy  storage  field. 

2.  Experimental 

2.1.  Material  preparation 

Sulfonated  pitch,  purchased  from  Originchem  Co.,  Ltd,  was  used 
as  the  raw  material  to  prepare  HPCs.  Sulfonated  pitch  was  added  to 
KOH  solutions  with  different  KOH  to  precursor  mass  ratios  and 
stirred  for  1  h.  The  mixtures  were  dried  at  80  °C  for  12  h,  and  then 
transferred  into  a  tube  furnace  and  heat-treated  at  800  °C  for  2  h 
under  a  flow  of  nitrogen.  After  activation,  the  samples  were  washed 
three  times  with  1  M  HC1  solution.  Then  they  were  repeatedly 
rinsed  by  deionized  water  for  three  to  five  times  until  the  pH  of  the 
washing  solution  was  7.  Finally,  the  samples  were  dried  at  120  °C 
for  12  h.  The  obtained  samples  were  named  HPC-x  where  x  rep¬ 
resents  the  weight  ratio  of  solid  KOH  to  sulfonated  pitch. 

2.2.  Characterization 

The  surface  of  the  samples  was  characterized  by  X-ray  photo¬ 
electron  spectroscopy  (XPS)  using  a  PHI-1600ESCA  electron  system 
(America  PE  Company)  with  Al  Ka  (1486.6  eV)  radiation.  Fourier 
transform  infrared  spectrometry  (FT-IR)  was  carried  out  with  a 
Nicolet  Magna-IR  560  FTIR  spectrometer  over  the  wavenumber 
range  of  4000-400  cm-1.  Thermogravimetric  analysis  (TGA)  was 
performed  using  a  TA-50  instrument  in  a  nitrogen  atmosphere. 
Raman  spectra  were  measured  by  a  Renishaw  MKI-2000  Raman 
microscope  using  an  Ar  ion  laser  (488  nm)  as  the  excitation  source. 
The  specific  surface  areas  and  the  pore  structures  of  the  samples 
were  examined  by  nitrogen  adsorption  measurements  at  77  I< 
(ASAP  2020,  Micromeritics,  USA).  Before  the  measurements,  the 
samples  were  degassed  at  300  °C  for  5  h  under  vacuum.  The  specific 
surface  area  and  the  total  pore  volume  were  calculated  using  the 
Brunauer-Emmett-Teller  (BET)  theory  over  a  relative  pressure  (P/ 
P0)  range  from  0.1  to  0.3  and  the  volume  of  nitrogen  adsorbed  at  a 
relative  pressure  of  0.99,  respectively.  The  micropore  volume  was 
calculated  using  the  t-plot  method,  and  the  surface  areas  and  pore 
volumes  of  the  mesoporous  were  analyzed  according  to  the  Bar- 
rett-Joyner-Halenda  (BJH)  method.  The  pore  size  distributions 
were  studied  using  the  nonlocal  density  function  theory  (NLDFT) 
model  assuming  slit-shaped  pores.  The  microstructures  of  the  HPCs 
were  investigated  using  field  emission  scanning  electron  micro¬ 
scopy  (FESEM,  Nano430)  and  high-resolution  transmission  electron 
microscopy  (HRTEM,  Philips  Tecnai  G2  F20).  The  samples  were 
deposited  on  the  conductive  paste,  subsequently  coated  with  gold 
using  a  gold  sputtering  device  for  field  emission  scanning  electron 
microscopy  and  dispersed  in  absolute  ethanol  with  ultrasonication 
for  30  min,  then  dropped  onto  copper  mesh  for  high-resolution 
transmission  electron  microscopy. 

2.3.  EDLC  construction  and  electrochemical  measurements 

The  obtained  HPC  material  (80  wt%),  acetylene  black  (10  wt%) 
and  poly(tetrafluoroethylene)  (10  wt%)  were  homogenized  in  a 
mortar,  rolled  into  an  electrode  membrane  (13  mm  in  diameter, 
100  pm  thick).  The  characterization  of  the  electrode  material  was 
performed  using  a  symmetric  EDLC  cell  composed  of  two  HPC- 
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based  composite  electrodes  with  equal  mass  of  active  materials  and 
a  three-electrode  cell  with  platinum  foil  and  saturated  calomel 
electrode  as  counter  electrode  and  reference  electrode,  respec¬ 
tively.  The  electrochemical  behaviors  of  the  electrode  working  in 
three  types  of  electrolytes  were  investigated.  The  electrolytes  were 
6  M  KOH  aqueous  solution,  1  M  Li2S04  aqueous  solution  and  1  M 
tetraethylammonium  tetrafluoroborate  salt  solution  in  propylene 
carbonate  (TEA  BF4/PC),  respectively.  The  EDLC  cell  was  placed  into 
a  vacuum  oven  at  room  temperature  for  24  h  before  the  electro¬ 
chemical  measurements  to  make  sure  there  was  good  contact  be¬ 
tween  the  electrode  and  the  electrolyte. 

The  electrochemical  performances  of  the  HPC  electrode  mate¬ 
rials  were  measured  using  galvanostatic  charge/discharge  cycles, 
cyclic  voltammetry  (CV)  and  electrochemical  impedance  spec¬ 
troscopy  (EIS).  The  galvanostatic  charge-discharge  tests  were 
conducted  at  different  current  densities  using  a  Land  Battery  Tester 
(Wuhan,  China).  The  gravimetric  capacitance  Cg  of  a  single  elec¬ 
trode  is  calculated  according  to  the  discharge  part  of  galvanostatic 
charge/discharge  curves  using  the  equation  Cg  =  2Iktl(m/W),  where 
/  is  the  discharge  current,  At  is  the  discharge  time,  AV  is  the  voltage 
drop  upon  discharge  excluding  the  IR  drop,  and  m  is  the  mass  of 
active  material  in  the  electrode.  At  the  beginning  of  the  discharge, 
there  is  a  sudden  drop  of  potential  associated  with  the  ohmic 
resistance  (R)  of  the  cell  which  can  be  calculated  according  to  the 
equation  R  =  (Vcharge  —  ^discharge )/2/,  where  Vdiarge*  ^discharge 
and  I  represent  the  voltage  at  the  end  of  the  charge,  the  voltage  at 
the  beginning  of  the  discharge,  and  the  discharge  current, 
respectively. 

CV  and  EIS  were  performed  on  an  electrochemical  worksta¬ 
tion  (PARSTAT  2273,  Princeton  Applied  Research,  USA).  The  CV 
analyses  were  investigated  with  sweep  rates  from  2  to 
200  mV  s-1.  The  CV  tests  were  also  used  to  determine  the  spe¬ 
cific  capacitance.  The  calculation  was  performed  using  the 
equation  C  =  ( J7dV)/(uXV),  where  C  represents  for  the  gravimetric 
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specific  capacitance  (F  g-1)  or  volumetric  specific  capacitance 
(F  cm-3),  I  is  the  current,  V  is  the  potential  difference,  X  is  the 
mass  (g)  of  the  active  material  in  one  electrode  or  volume  (cm3) 
of  the  electrode,  and  v  is  the  scan  rate  (mV  s-1).  The  impedance 
measurements  were  carried  out  at  an  open  circuit  voltage  over  a 
wide  frequency  range  (100  kHz-10  mHz).  The  capacitor  using 
6  M  KOH,  1  M  Li2S04  and  1  M  TEA  BF4/PC  as  electrolytes  was 
operated  within  a  potential  range  of  0—1,  0-1.6  and  0-2.7  V, 
respectively.  The  energy  density  and  average  power  density  of 
the  capacitor  is  calculated  using  the  equations:  E  =  CgAV2/2  and 
P  =  E/At,  where  Cg  refers  to  gravimetric  capacitance  of  the 
capacitor  calculated  from  galvanostatic  charge/discharge  tests  at 
different  current  densities. 

3.  Results  and  discussion 

3.1.  Material  characterization 

Information  about  the  chemical  state  of  the  elements  anchored 
in  the  sulfonated  pitch  surface  was  obtained  from  XPS.  Wide  scan 
spectra  of  the  sulfonated  pitch  and  the  HPC  samples  are  shown  in 
Fig.  la.  The  oxygen  O  Is  peak  located  at  532  eV  is  remarkably  strong 
in  the  sulfonated  pitch  spectrum,  indicating  a  high  concentration  of 
oxygen-containing  groups.  The  sulfur  S  2p  spectra  of  the  samples 
are  displayed  in  Fig.  lb.  There  are  two  distinctive  peaks  in  the 
sulfonated  pitch  spectrum.  The  strong  peak  at  168-169  eV  repre¬ 
sents  sulfur  in  a  higher  oxidation  state  (sulfonates,  sulfites,  sulfates, 
etc)  whereas  the  weak  peak  at  164  eV  corresponds  to  sulfur 
attached  to  a  carbon  or  an  oxygen  atom  22].  In  the  HPC  spectra, 
these  peaks  disappeared,  which  clearly  demonstrates  that  most  of 
the  S  atoms  were  removed  by  the  activation. 

In  the  C  Is  spectrum  of  the  sulfonated  pitch  (Fig.  lc),  there  are 
peaks  for  the  different  types  of  functional  groups,  namely  C-C, 
C=C,  and  C-H  bonds  (284.6  eV),  C-0  bonds  (285.7  eV),  and  O- 
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Fig.  1.  (a)  XPS  wide  scan  spectra  and  (b)  XPS  S  2p  spectra  of  the  sulfonated  pitch  and  HPC  samples;  (c)  C  Is  and  (d)  O  Is  XPS  spectra  of  the  sulfonated  pitch. 
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C=0  bonds  (288.9  eV),  with  area  fractions  of  0.64,  0.27,  and  0.09, 
respectively  [23].  The  O  Is  spectrum  of  the  sulfonated  pitch 
(Fig.  Id)  can  be  fitted  into  two  major  component  peaks.  The  peak 
at  531.8  eV  is  attributed  to  C=0  bonds  and  the  533.5  eV  peak  is 
due  to  C-O.  These  observations  demonstrate  that  the  sulfonated 
pitch  consists  of  aromatic  carbon  sheets  with  -S03H,  -COOH 
and  -OH  functional  groups. 

FT-IR  spectra  were  also  recorded  to  evaluate  the  functional 
groups  in  the  sulfonated  pitch  and  HPC  samples  and  are  shown  in 
Fig.  2.  The  peak  around  3440  cm-1  corresponds  to  the  O-H 
stretching  mode  of  the  hydroxyl  functional  groups;  the  band  at 
about  1720  cm-1  can  be  assigned  to  ketone  or  carboxylic  acid  C=0 
stretching  vibrations  and  the  band  at  1600  cnrr1  is  aromatic  C=C 
stretching  vibrations  [24].  The  peaks  at  1440  and  1380  cm-1  are  for 
aliphatic  C-H  bending  vibrations  [25].  The  absorption  peaks  at 
1175  and  1040  cm-1  can  be  ascribed  to  the  asymmetric  and  sym¬ 
metric  vibrations  of  the  S03  group,  respectively,  and  the  peak  at 
620  cm-1  may  be  related  to  the  stretching  vibration  of  the  C-S 
bonds  [19].  The  sharp  peak  at  1120  cm-1  probably  corresponds  to 
the  C-0  stretching  mode  [26].  For  the  HPCs,  the  spectra  are 
essentially  the  same,  indicating  that  the  structures  are  the  same. 
The  intensities  of  the  sulfonic  acid  group  and  carboxyl  group  peaks 
are  much  weaker  in  the  HPC  spectra  than  in  the  sulfonated  pitch 
spectrum.  In  addition,  the  peak  intensity  of  the  C-0  group 
decreased  dramatically  in  the  HPC  spectra.  These  findings  show 
that  most  of  the  functional  groups  were  removed  during  the  KOH 
activation  process,  which  is  consistent  with  the  XPS  results. 

The  thermal  stability  of  the  sulfonated  pitch  from  room  tem¬ 
perature  to  1000  °C  was  studied  by  TGA  under  flowing  N2  and  the 
results  are  shown  in  Fig.  3.  From  room  temperature  to  100  °C  there 
is  a  slight  weight  loss  which  is  due  to  the  removal  of  the  adsorbed 
water  molecules.  The  mass  loss  between  300  and  500  °C  is  signif¬ 
icant  and  this  is  a  typical  temperature  range  for  the  thermal 
decomposition  of  the  PhS03H  groups  in  the  sulfonated  pitch  27]. 
The  thermal  decomposition  of  the  PhS03H  contains  of  two  steps: 
first,  a  dehydration  reaction  occurs  which  forms  the  sulfonyl 
bridges  between  the  adjacent  aromatic  rings  and  then  the  sulfonyl 
bridges  are  pyrolyzed,  forming  polyaromatic  structures  [28].  The 
mass  loss  between  700  and  1000  °C  is  small  (3  wt%),  which  can  be 
attributed  to  the  increase  of  the  polyaromatic  structures.  The  total 
weight  loss  is  about  39.7  wt%  at  1000  °C. 

Fig.  4  shows  Raman  spectra  of  the  HPC  samples.  Two  broad 
peaks  around  1580  cm-1  (G-band)  from  graphitic  carbon  and  1347 
cm'1  (D-band)  from  disordered  carbon  were  observed.  The  inte¬ 
grated  intensities  ratio  of  the  D  band  to  the  G  band  (Jd//g)  is  a  useful 
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Fig.  2.  FTIR  spectra  of  the  sulfonated  pitch  and  HPC  samples. 


Fig.  3.  Weight  loss  of  the  sulfonated  pitch  under  a  N2  atmosphere. 

parameter  for  the  characterization  of  the  graphitization  degree.  As 
shown  in  Fig.  4b,  the  high  ratios  (Jd//g)  reveal  the  amorphous 
character  and  a  high  degree  of  disorder  or  defects  of  the  obtained 
HPCs  [29].  The  ratio  {blh)  increased  with  the  activation  agent  to 
precursor  ratio,  exhibiting  a  noticeable  decrease  in  structural  order 
and  thus  electrical  conductivity. 

3.2.  Characterization  of  the  porous  structures  of  the  HPCs 

The  N2  adsorption  isotherms  and  pore  size  distribution  curves  of 
the  HPCs  are  presented  in  Fig.  5.  All  isotherms  are  type  IV  curves 
(based  on  IUPAC  classification)  with  a  typical  hysteresis  loop  in  the 
intermediate  relative  pressure  range.  The  adsorption  capacity  of  the 
HPCs  increased  with  the  activation  agent  to  precursor  ratio.  The 
BET  surface  area  and  pore  structure  parameters  are  shown  in 
Table  1.  The  total  pore  volume  and  specific  surface  area  also 
increased  with  the  activation  agent  to  precursor  ratio.  HPC-3  had 
the  highest  specific  area  (3548  m2  g-1)  and  porosity  volume 
(2.45  cm3  g-1).  When  the  activation  agent  to  precursor  ratio  was 
only  1.5,  the  specific  surface  area  could  reach  2602  m2  g-1. 

The  high  surface  areas  are  the  result  of  the  chemical  nature  of 
the  sulfonated  pitch.  Because  of  its  hydrophilic  nature,  the  sulfo¬ 
nated  pitch  can  be  readily  dissolved  and  dispersed  in  KOH  solution, 
which  favors  homogeneous  activation  [19].  Further,  the  hetero¬ 
atoms  in  the  sulfonated  pitch  are  chemically  instable  which  provide 
more  “active  sites”  for  activation  [30].  Thus,  the  surface  functional 
groups  of  the  sulfonated  pitch  can  improve  the  efficiency  of  the 
activating  agent  and  have  a  meaningful  contribution  to  the  high 
BET  surface  area. 

In  EDLCs,  the  surface  area  of  the  material  is  an  important 
parameter.  However  specific  capacitance  is  also  governed  by  how 
easily  the  electrolyte  can  access  the  pores  of  the  materials.  Micro¬ 
pores  can  create  bottlenecks  which  prevent  solvated  ions  from 
entering  into  interior  surfaces  of  the  pores.  According  to  E.  Ray- 
mundo-Pinero  et  al.  [31]  the  optimal  pore  size  for  an  effective 
double  layer  formation  in  an  aqueous  electrolyte  is  around  0.7  nm. 

It  can  be  seen  from  Fig.  5b  that  all  of  HPCs  exhibit  obvious  hi¬ 
erarchical  porous  structures.  The  presence  of  ultrafine  micropores 
(<1  nm)  with  pore  width  peaks  at  0.6  and  0.8  nm  and  micropores 
(1—2  nm)  with  a  maximum  peak  at  1.2  nm  should  provide  a  highly 
ion-accessible  surface  which  is  crucial  for  the  formation  of  an 
electrical  double  layer  capacitor  [6].  The  mesopores  (2—50  nm)  are 
primarily  in  the  range  of  2-5  nm,  which  should  provide  a  channel 
for  fast  ion  transport  and  a  low  resistance  for  charge  transfer. 
Furthermore,  there  is  a  very  broad  pore  width  peak  ranging  from  10 
to  50  nm.  The  macropores  (>50  nm)  with  a  pore  width  peak  at 
125  nm  should  play  an  important  role  as  ion-buffering  reservoirs 
[7]. 
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Fig.  4.  (a)  Raman  spectra  and  (b)  /D//G  ratio  of  HPC  samples  as  a  function  of  activation  agent  to  precursor  ratio. 


Fig.  5.  (a)  N2  adsorption/desorption  isotherms  and  (b)  pore  size  distribution  for  the  HPC  samples. 


For  HPC-1  the  maximum  pore  width  peak  is  at  0.6  nm.  As  the 
activation  agent  to  precursor  ratio  increased,  the  pore  volumes  of 
the  micropores  decreased  whereas  the  mesopores  volumes 
increased  and  the  mesopores  peak  maximum  moved  from  2  to 
3  nm.  This  may  be  due  to  the  micropores  growing  larger  or 
collapsing,  which  led  to  the  formation  of  small  mesopores  and  the 
generation  of  more  pores. 

The  porous  structure  was  further  verified  by  FESEM  and  FIRTEM. 
The  FESEM  image  of  HPC-1.5  in  Fig.  6a  shows  the  microstructure  of 
the  porous  carbon  with  numerous  interconnected  macropores  with 
pore  sizes  of  1—5  pm.  The  HRTEM  image  in  Fig.  6b  shows  that  HPC- 
1.5  is  amorphous  and  has  a  highly  disordered  pore  structure. 
Furthermore,  there  are  abundant  micropores  along  with  the  mes- 
oporous  channel  walls,  indicating  the  formation  of  a  continuous 
three-dimensional  pore  network.  This  is  consistent  with  the  DFT 
pore  size  distribution  results. 

3.3.  Electrochemical  characterization 

Fig.  7  shows  the  electrochemical  performances  of  HPCs  working 
with  6  M  KOH  solution.  Charge-discharge  tests  were  used  to  study 


Table  1 

Properties  of  the  hierarchical  porous  carbons. 


Samples 

Sbet 

(m2  g-1: 

Smeso 

I  (mV1; 

l^total 

1  (cm3  g-1: 

l^micro 

)  (cm3  g-1^ 

^meso 

)  (cm3  g 1] 

Density 

1  (g  cm-3) 

HPC-1 

1644 

317 

0.96 

0.43 

0.38 

0.47 

HPC-1. 55 

2602 

556 

1.28 

0.34 

0.44 

0.41 

HPC-2 

3177 

1339 

1.86 

0.29 

1.20 

0.33 

HPC-3 

3548 

2103 

2.45 

0.20 

2.05 

0.22 

the  effect  of  the  activation  agent  to  precursor  ratio  on  the  specific 
capacitances  of  the  HPC  samples.  The  charge-discharge  curves  for 
the  HPC  electrodes  at  a  current  density  of  10  A  g-1  are  shown  in 
Fig.  7a.  All  curves  are  nearly  triangular  in  shape  which  is  typical 
behavior  for  capacitive  electrodes.  The  HPC-1  sample  has  a  larger 
ohmic-drop  and  a  smaller  specific  capacitance  than  the  other 
samples.  This  can  be  ascribed  to  the  ultrafine  micropores  in  that 
sample,  which  are  not  favorable  for  fast  diffusion  of  the  electrolyte 
ions.  Micropores  limit  the  motion  of  the  ions,  and  thus  lead  to  the 
inner  parts  of  the  electrode  being  inaccessible  at  high  charge/ 
discharge  rates.  This  behavior  did  not  occur  in  the  other  samples 
because  of  their  higher  mesopore  content.  The  ohmic  resistance  (R) 
of  the  HPC-1.5  electrode  is  0.59  Q,  which  is  the  smallest  among  all 
the  HPC  electrodes.  This  result  indicates  that  the  HPC-1.5  electrode 
has  the  best  ionic  conductivity  and  electrical  conductivity 
properties. 

When  the  activation  agent  to  precursor  ratio  was  increased  from 
1  to  1.5,  the  gravimetric  specific  capacitance  increased  rapidly  from 
157  to  205  F  g-1.  When  the  ratio  was  further  increased  to  2  or  3, 
there  was  no  further  increase  in  the  capacitance.  The  increase  in 
capacitance  is  mainly  due  to  the  relatively  high  specific  area  and  the 
reasonably  porous  structure  in  HPC-1.5  which  provides  enough 
surface  sites  for  electrochemical  double  layer  formation. 

Furthermore,  the  volumetric  specific  capacitance  is  much  more 
important  for  practical  application.  As  shown  in  Table  1,  the  density 
of  the  HPCs  decrease  with  increasing  activation  agent  to  precursor 
ratio,  varying  in  the  range  of  0.22-0.47  g  cm-3.  Compared  with 
other  porous  materials  reported  in  the  literature  [32,33],  the  den¬ 
sity  of  the  HPCs  is  a  little  lower,  which  can  be  ascribed  to  the  large 
pore  volume.  The  volumetric  specific  capacitances  of  samples  at 
different  scan  rates  are  shown  in  Fig.  7b.  HPC-1,  with  the  lowest  Vtot 
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Fig.  6.  (a)  FESEM  images  and  (b)  HRTEM  images  of  the  HPC-1.5  sample. 
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Fig.  7.  (a)  Galvanostatic  charge-discharge  curves  at  a  current  density  of  10  A  g  \  (b)  the  volumetric  capacitance  of  the  single  electrode  as  a  function  of  the  scan  rate  and  (c)  Nyquist 
plots  in  the  frequency  range  of  10  mHz-100  kHz  for  the  HPC  electrodes  in  a  solution  containing  6  M  KOH. 


(0.96  cm3  g_1)  among  all  the  HPC  samples,  shows  a  high  volumetric 
capacitance  of  100  F  cm-3  at  a  scan  rate  of  5  mV  s-1.  On  the  con¬ 
trary,  for  the  HPC-3  electrode,  the  large  pore  volume  (2.45  cm3  g-1) 
results  in  the  low  electrode  density  (0.22  g  cm-3)  and  thus  rela¬ 
tively  low  volumetric  capacitance.  HPC-1.5  balances  porosity  and 
density,  showing  the  optimized  volumetric  performance. 

The  Nyquist  plots  in  Fig.  7c  show  that  all  the  electrodes  have 
similar  impedance  behaviors.  All  the  plots  have  a  single  small 
semicircle,  a  line  with  a  slope  close  to  45°,  and  an  almost  vertical 
line  at  the  high,  middle,  and  low  frequency  ranges,  respectively. 
This  behavior  is  indicative  of  excellent  EDLC  performance.  In  the 
low  frequency  range,  the  straight  line  is  nearly  parallel  to  the 
imaginary  axis  (Z"),  which  suggests  good  supercapacitor  capacitive 
behavior.  The  portion  of  the  curve  with  the  45°  slope  is  called  the 
Warburg  resistance  and  corresponds  to  the  diffusive  resistance  of 
the  ions  in  the  electrode.  Except  for  HPC-1,  the  Warburg  regions  for 


all  the  electrodes  are  small  which  means  the  porous  structure 
provides  a  channel  that  is  favorable  for  the  access  of  the  electrolyte 
ions  and  for  fast  ion  transport. 

In  the  high  frequency  region,  the  intersection  of  the  semicircle 
with  the  real  axis  depends  on  the  internal  resistance  which  in¬ 
cludes  the  intrinsic  resistance  of  the  active  material,  the  resistance 
of  the  electrolyte  solution  and  the  contact  resistance  of  the  active 
material/current  collector  [34].  The  HPC-1.5  electrode  curve  crosses 
the  real  axis  at  0.3  Cl,  which  is  the  smallest  value  among  the  tested 
electrodes.  At  the  same  time  the  smaller  semicircle  diameter  for  the 
HPC-1.5  curve  means  a  smaller  charge  transfer  resistance,  sug¬ 
gesting  that  HPC-1.5  has  high  electrical  conductivity  and  good 
power  characteristics  [35].  This  result  is  in  good  agreement  with 
the  charge-discharge  curves  of  the  HPC  electrodes  in  Fig.  7a. 

The  semicircle  diameter  of  the  HPC-3  electrode  is  larger  than  the 
other  electrodes.  This  lower  conductivity  may  be  due  to  excessive  KOH 
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Fig.  8.  Electrochemical  characterization  of  the  HPC-1.5  electrode  in  a  6  M  KOH  solution:  (a)  CV  curves  recorded  at  different  scan  rates  and  (b)  Nyquist  plots  in  the  frequency  range  of 
10  mHz-100  kHz  in  a  three-electrode  cell;  (c)  galvanostatic  charge-discharge  curves  at  different  current  densities,  (d)  effect  of  the  current  density  on  gravimetric  specific 
capacitance,  (e)  galvanostatic  charge-discharge  curves  at  the  1st  and  the  10,000th  cycle,  (f)  cycle  performance  at  a  current  density  of  1  A  g-1  in  a  symmetrical  two-electrode  cell. 


activation  which  leads  to  some  degree  of  discontinuity  in  the  porous 
structure  [36].  The  porous  structure  not  only  determines  the  ion 
diffusion  process  but  also  affects  the  electrical  conductivity  of  the 
carbon  materials.  Larger  surface  areas  and  pore  sizes  result  in  lower 
conductivities  [3].  Compared  with  HPC-1.5  (5Bet  =  2602  m2  g  1 ),  HPC- 
3  (3548  m2  g 1 )  has  a  higher  surface  area  which  is  favorable  for  a  larger 
gravimetric  specific  capacitance,  but  detrimental  to  the  electrical 
conductivity,  and  the  subsequent  rate  performance. 

These  results  show  that  among  the  tested  electrodes,  HPC-1.5  is 
the  most  promising  electrode  material  for  EDLC  applications.  This  is 
due  to  its  low  internal  resistance,  its  excellent  conductivity,  its  fast 
ion  diffusion,  and  the  low  consumption  of  activating  agents. 
Therefore,  HPC-1.5  was  selected  for  the  subsequent  electrochemical 
measurements. 

The  electrochemical  behavior  of  the  HPC-1.5  electrode  was 
investigated  in  two-  and  three-electrode  cells  with  a  solution 
containing  6  M  KOH.  In  Fig.  8a,  CV  curves  were  obtained  from  the 
three-electrode  cell.  At  a  slow  scan  rate  (2  mV  s-1),  there  is  a 
noticeable  peak  at  -0.1  V  (vs.  SCE),  which  is  related  to  the  redox 
reactions.  With  the  increase  of  scan  rate,  the  gravimetric  specific 
capacitance  decreased  from  277  F  g-1  at  2  mV  s-1  to  197  F  g-1  at 
200  mV  s-1.  The  well  preserved  specific  capacitance  indicates  un¬ 
restricted  diffusion  of  ions  in  the  HPC-1.5  sample.  The  Nyquist  plot 


(Fig.  8b)  performed  in  a  three-electrode  cell  reveals  similar  ten¬ 
dencies  as  observed  in  a  two-electrode  cell. 

Fig.  8c  displays  the  charge-discharge  curves  of  HPC-1.5  at  cur¬ 
rent  densities  of  10-100  A  g-1  in  a  two-electrode  cell.  The  linear 
symmetric  profiles  indicate  that  the  HPC-1.5  electrode  has  a  high 
Coulombic  efficiency  and  excellent  reversibility.  The  gravimetric 
specific  capacitance  values  of  HPC-1.5  at  different  current  densities 
are  shown  in  Fig.  8d.  As  the  current  density  increased,  the  capaci¬ 
tance  decreased  slightly.  The  capacitance  was  263  F  g_1  at  a  current 
density  of  0.05  A  g-1  and  dropped  to  212  F  g  1  when  current 
density  was  increased  to  5  A  g-1;  when  the  current  density  was 
further  increased,  the  capacitance  decreased  slowly.  Fortunately, 
even  when  the  current  density  was  as  high  as  100  A  g  \  the  sample 
still  exhibited  a  high  gravimetric  specific  capacitance  of  157  F  g_1.  A 
stable  specific  capacitance  at  a  high  current  density  indicates 
excellent  rate  performances  which  can  be  ascribed  to  an  optimum 
pore  size  and  a  moderate  specific  surface  area.  These  factors  pro¬ 
vide  short  diffusion  routes  and  low-resistance  for  the  ions  to  pass 
through  the  porous  particles  37]. 

The  durability  of  the  EDLC  was  studied  by  repeating  the  charge/ 
discharge  test  at  a  current  density  of  1  A  g-1  for  10,000  cycles. 
Compared  with  the  first  cycle,  there  were  little  changes  at  the 
10,000th  cycle  (Fig.  8e).  As  seen  in  Fig.  8f,  there  was  negligible 
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Fig.  9.  Electrochemical  properties  of  the  HPC-1.5  electrode  in  a  1  M  Li2S04  solution  operating  within  a  potential  range  of  0.0  and  1.6  V:  (a)  CV  curves  at  different  scan  rates,  (b) 
Nyquist  plots  in  the  frequency  range  of  10  mHz-100  kHz. 


capacitance  degradation.  The  gravimetric  specific  capacitance 
decreased  slightly  and  stabilized  at  245  F  g-1  after  10,000  cycles 
with  a  super  high  capacitance  retention  ratio  of  98.4%.  This  dem¬ 
onstrates  excellent  electrochemical  stability. 

Apart  from  high  power  density,  energy  density  must  be 
considered,  which  is  greatly  affected  by  the  operational  voltage 
range.  Therefore,  it  is  necessary  to  investigate  the  application  of  the 
HPC-1.5  electrode  in  a  wider  voltage  range  in  aqueous  media.  A 
symmetric  capacitor  working  in  1  M  U2SO4  solution  was  fabricated. 
The  visible  hump  at  1.2  V  revealed  by  CV  measurements  (Fig.  9a) 
may  result  from  the  electro-oxidation  of  hydrogen  adsorbed  in  HPC 
[38].  When  the  voltage  is  beyond  1.4  V,  another  peak  can  be 
observed,  which  is  related  with  electrochemical  oxidation  of  the 
positive  electrode  [39].  At  a  scan  rate  of  200  mV  s-1,  redox  peaks  are 
disappeared  because  the  side  reactions  are  invisible  [40].  The 
Nyquist  plot  (Fig.  9b)  also  confirms  the  capacitive  behavior.  The 


gravimetric  specific  capacitance  is  204  F  g_1  at  2  mV  s-1,  slightly 
lower  than  that  in  KOH  solution. 

In  addition,  the  electrochemical  performance  of  the  HPC-1.5 
electrode  was  also  investigated  in  1  M  TEA  BF4/PC  solution.  The 
CV  curves  at  different  scan  rates  are  given  in  Fig.  10a.  The  curve  was 
approximately  rectangular  without  any  redox  peaks  at  scan  rate  of 
2  mV  s_1,  which  is  characteristic  of  a  pure  capacitive  behavior.  The 
gravimetric  capacitance  could  reach  159  F  g_1  at  a  scan  rate  of 
2  mV  s-1.  The  Nyquist  plot  (Fig.  10b)  contained  a  semicircle  at  high 
frequency  and  a  nearly  vertical  line  at  low  frequency.  The  charge- 
discharge  curves  (Fig.  10c)  were  triangular  with  a  small  decrease  in 
IR  at  a  current  density  of  1  A  g-1,  showing  a  good  capacitive 
behavior.  Fig.  lOd  shows  the  Ragone  plot  of  the  symmetric  capac¬ 
itor.  When  using  KOH  as  electrolyte,  the  energy  and  the  power 
density  were  5.4  Wh  kg-1  and  27.8  kW  kg-1  at  a  current  density  of 
100  A  g-1,  respectively,  exhibiting  an  outstanding  power 


Fig.  10.  Electrochemical  properties  of  the  HPC-1.5  electrode  in  a  1  M  TEA  BF4/PC  solution  operating  within  a  potential  range  of  0.0  and  2.7  V:  (a)  CV  curves  at  different  scan  rates,  (b) 
Nyquist  plots  in  the  frequency  range  of  10  mHz-100  kHz,  (c)  galvanostatic  charge-discharge  curves  at  a  current  density  of  1  A  g-1.  (d)  Ragone  plot  of  symmetric  capacitors  based  on 
different  electrolytes. 
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performance.  However,  the  key  disadvantage  is  that  the  limited 
operating  voltage  range  (1.0  V)  leads  to  low  energy  density.  In 
contrast,  the  energy  density  is  around  20  Wh  kg-1  at  a  current 
density  of  1  A  g_1  based  on  organic  electrolyte.  Despite  the  smaller 
capacitance  values  in  U2SO4  solution  compared  to  using  KOH  as 
electrolyte,  the  former  demonstrates  a  higher  energy  density 
combined  with  a  satisfactory  rate  performance. 

4.  Conclusions 

In  conclusion,  high  conductivity  HPCs  with  a  large  surface  area 
and  with  micro-,  meso-  and  macroporous  structures  have  been 
prepared  by  the  simple  KOH  activation  of  sulfonated  pitch.  The  Sbet 
and  Vtot  of  the  HPCs  increased  with  the  activation  agent  to  pre¬ 
cursor  ratio.  The  optimum  activation  agent  to  precursor  ratio  was 
determined  to  be  1.5,  which  resulted  in  a  specific  surface  area  of 
2602  m2  g-1  and  a  porosity  volume  of  1.28  cm3  g-1.  A  symmetrical 
EDLC  using  the  HPC-1.5  sample  as  the  electrode  showed  superior 
capacitive  behavior.  When  using  6  M  KOH  as  electrolyte,  the 
charge-discharge  curve  maintained  a  triangular  sharp  at  a  current 
density  of  100  A  g_1  and  the  electrode  exhibited  a  low  ohmic 
resistance  with  excellent  rate  capability.  The  gravimetric  capaci¬ 
tance  was  263  F  g-1  at  a  current  density  of  0.05  A  g-1,  and  could  be 
maintained  at  157  F  g_1  even  at  100  A  g  There  was  no  observable 
decrease  in  the  capacitance  after  10,000  charge-discharge  cycles.  A 
symmetric  supercapacitor  worked  with  1  M  TEA  BF4/PC  electrolyte 
exhibited  a  high  energy  density  of  up  to  20  Wh  kg-1  at  a  current 
density  of  1  A  g-1.  When  using  1  M  Li2S04  as  electrolyte,  the 
symmetric  supercapacitor  exhibited  an  improved  cell  voltage 
window  and  thus  higher  energy  density  than  in  6  M  KOH  solution. 

HPCs  derived  from  sulfonated  pitch  not  only  can  achieve  high 
capacity  but  also  can  provide  a  continuous  three-dimensional  pore 
network  for  fast  ionic  motion,  resulting  in  high  energy  density  and 
power  output.  Thus,  HPCs  derived  from  sulfonated  pitch  exhibit 
great  potential  for  applications  in  energy  storage.  Additionally,  a 
convenient  and  economic  preparation  method  makes  the  HPCs 
prepared  from  sulfonated  pitch  an  extremely  attractive  electrode 
material  for  EDLCs. 
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